Dimethylations of histone H3 lysine 9 and lysine 27 are important epigenetic marks associated with transcription repression. Here, we identified KIAA1718 (KDM7A) as a novel histone demethylase specific for these two repressing marks. Using mouse embryonic stem cells, we demonstrated that KIAA1718 expression increased at the early phase of neural differentiation. Knockdown of the gene blocked neural differentiation and the effect was rescued by the wild-type human gene, and not by a catalytically inactive mutant. In addition, overexpression of KIAA1718 accelerated neural differentiation. We provide the evidence that the pro-neural differentiation effect of KDM7A is mediated through direct transcriptional activation of FGF4, a signal molecule implicated in neural differentiation. Thus, our study identified a dual-specificity histone demethylase that regulates neural differentiation through FGF4.
Introduction
In eukaryotic cells, DNA is associated with histones to form the nucleosome, the building block of chromatin. The nucleosome is composed of two copies each of the four core histone proteins H2A, H2B, H3, and H4, wrapped by 146 base pairs of DNA [1] . Histone proteins are subjected to a variety of posttranslational modifications, including acetylation, phosphorylation, methylation, ubiquitination, and ADP-ribosylation [2, 3] , which either alone or in combination, contribute to the epigenetic program and are referred to as the 'histone code' [4] .
Histone H3 lysine 9 dimethylation (H3K9me2) is an important posttranslational modification associated with transcriptional silencing. In contrast to H3K9me3 that is localized in pericentric heterochromatin, H3K9me2 is mainly localized within the silent regions of the euchromatin [5] [6] [7] [8] . At least three methyltransferases, G9a, GLP-1 (EuHMTare), and ESET (SetDB1), have been identified to be able to catalyze the formation of H3K9me2 [7, [9] [10] [11] [12] . G9a is the major histone methyltransferase for H3K9me2 formation, because knockout of this gene in mice causes a 90% loss of H3K9me2 [5, 6, 8] . Knockout of this gene resulted in embryonic lethality and the embryos failed to develop past E8.5. Although GLP-1 (EuHMTare) itself is also a methyltransferase for the formation of H3K9me2 [10] , it forms a heteromeric complex with G9a and its knockout phenocopied G9a deletion [10] . ESET (SetDB1) is also able to catalyze H3K9me2 formation in euchromatin and its knockout resulted in periimplantation lethality between 3.5 and 5.5 dpc [9, [11] [12] [13] . The knockout studies indicate that the level of H3K9me2 has to be maintained for proper embryonic development.
Histone H3 lysine 27 dimethylation (H3K27me2) is also a repressive mark associated with transcriptional silencing [14] . The Polycomb repressive complex 2 (PRC2) that contains Ezh2, Eed, and Suz12 catalyzes the formation of this mark [15, 16] . The three components of the PRC2 complex are all essential for embryonic development, since knockout of any one of them leads to severe defects during gastrulation [17] [18] [19] .
Similar to other posttranslational modifications, histone methylation is reversible. Histone methylation can be reversed by histone demethylases. LSD1 is the first histone demethylase identified, which can remove di-and mono-methylation from H3K4 using an amine oxidase reaction [20] . Subsequently, a JmjC domain-containing protein was identified to possess histone demethylase activity, and the JmjC domain was shown as a demethylase signature motif [21] . This class of enzymes catalyzes the demethylation by a hydroxylation reaction and requires both iron and α-ketoglutarate as cofactors.
Previously, we and others identified 30 JmjC domaincontaining proteins in humans through analysis of public protein-domain databases [22] [23] [24] . These proteins can be classified into seven groups based on the domain structure of the full-length protein. Five of the seven groups have been demonstrated to be histone lysine demethylases [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] . Although proteins in the family of PHF2/ PHF8 contain conserved residues for cofactor binding, the biochemical functions of the proteins in the family were still unknown.
In this report, we show that KIAA1718, a member of the PHF2/PHF8 family, is a histone demethylase specific for both H3K9me2 and H3K27me2. Using a mouse embryonic stem cell (ESC) differentiation system, we demonstrate that KIAA1718 plays an important role in neural differentiation. The neural promoting effect is mediated by FGF4, a molecule involved in neural differentiation. Thus, our study identified a novel histone demethylase for H3K9me2 and H3K27me2 that plays an important role in neural differentiation.
Results

KIAA1718 is a histone demethylase
KIAA1718 is a member of the PHF2/PHF8 family of the JmjC domain-containing proteins and contains two recognizable domains: a PHD and a JmjC domain (Figure 1A) . To determine whether KIAA1718 has histone demethylase activity, we expressed and purified fulllength His-tagged protein from baculovirus-infected insect cells ( Figure 1B) . The protein was subjected to an in vitro assay with bulk histones, and immunoblotting was used to screen for its substrates. As shown in Figure  1 , KIAA1718 had demethylase activity for H3K9me2 and, a weaker activity but with a similar kinetics, for H3K27me2 ( Figure 1C and 1D) . By contrast, H3K9me1, H3K9me3, H3K27me1, and H3K27me3 were not affected, nor were mono-, di-, or trimethylated H3K4, H3K36, H3K79, and H4K20 ( Figure 1C ). MALDI-TOF mass spectrometric analysis revealed that KIAA1718 converted both H3K9me2 and H3K27me2 to monomethyl and nonmethyl peptides, but with weak, if at all, activity against H3K9me1 and H3K27me1 ( Figure 1E ). Demethylation by KIAA1718 requires its JmjC domain, because mutation of a conserved histidine (H281A) in the JmjC domain abolished the activity ( Figure 1F ). These data suggest that KIAA1718 is a histone demethylase specific for H3K9me2 and H3K27me2 in vitro.
KIAA1718 plays an important role in neural differentiation
Three methyltransferases are able to methylate H3K9 to form H3K9me2. They are ESET/SETDB1, G9a, and Eu-HMTase/GLP-1. Knockout of any one of them resulted in embryonic lethality from E3.5 to E9.5 [8, 10, 13] . Similarly, H3K27me2 formation is catalyzed by the PRC2 complex that contains Ezh2, Eed, and Suz12, and knockout of any one of them led to severe defects during gastrulation [17] [18] [19] . These data suggest that the proper levels of H3K9me2 and H3K27me2 are essential for cell differentiation during embryonic development, and a demethylase for these two modifications may also play key roles in this process.
We thus tested whether KIAA1718 is involved in differentiation of ESCs. We established short hairpin RNA (shRNA)-mediated KIAA1718 knockdown ESCs by lentiviral transduction (Figure 2A ). Both shRNA1 and shRNA2 knocked down about 85% of KIAA1718 expression and shRNA3 did not show any knockdown effect. Using an unbiased differentiation method (hanging drop), we discovered that KIAA1718 knockdown mainly blocked neural differentiation, since the levels of the neural precursor markers Sox1 and Nestin were strongly reduced ( Figure 2B ). Consistently, the levels of pluripotency markers Oct4 (also known as Pou5f1), Nanog, and Rex1 were elevated. However, the markers for endoderm (Gata4 and Gata6) and mesoderm (Flk1 and Brachyury) were not significantly altered. We also compared the gene expression profiles between control and knockdown cells. Among 45 038 probes, 899 probes were downregulated and 650 probes were upregulated after KIAA1718 knockdown. Gene Ontology analysis revealed that a significant portion of the regulated genes was in development hierarchies, and nervous system development was most significant within the system development category (Supplementary information, Figure S1 ). These results suggest that KIAA1718 is mainly involved in neural differentiation.
To further test this, we induced ESC differentiation by a neural differentiation protocol that can normally achieve about 80% neural differentiation. Expression analysis revealed that, among 24 genes encoding JmjC domain-containing proteins in the Affymetrix microarray, KIAA1718 was the most highly induced one after 8 days of differentiation of wild-type ESCs to neural precursor cells (NPCs) ( Figure 2C ). Real-time PCR and immunoblotting confirmed that expression of KIAA1718 was increased during this process ( Figure 2D and 2E). These data support our hypothesis that KIAA1718 is involved in neural differentiation. To test this further, we compared neural differentiation between the wildtype and KIAA1718 knockdown ESCs. After 8 days of neural differentiation, ESCs expressing control shRNA or KIAA1718 shRNA3, in which KIAA1718 expression was not inhibited (Figure 2A ), generated about 80% Nestin-positive NPCs, whereas ESCs expressing inhibitory shRNA1 or shRNA2 exhibited impaired neural differentiation, with only 30-40% Nestin-positive NPCs and weaker Nestin signals ( Figure 2F and 2G). Consistently, the number of Tuj1-and MAP2-positive neuronal cells was decreased in KIAA1718 knockdown cells (Supplementary information, Figure S2 ).
To confirm our conclusion, we performed rescue experiments. Because R1 ES cells are of mouse origin, we forced the expression of human KIAA1718 in shRNA1 knockdown cells by lentiviral transduction. The virus vector expressing a red fluorescent protein (RFP) was used for cell sorting. Western blot analysis demonstrated that both the wild-type human gene and the catalytically inactive mutant escaped the knockdown of shRNA1. These two types of cells expressed a similar level of total KIAA1718 as the parental control cells ( Figure  3A ). Forced expression of the wild-type hKIAA1718 led to significant rescue of neural differentiation, but the rescue effect was greatly compromised when the catalytically inactive mutant was expressed ( Figure 3B and 3C). These data confirm that KIAA1718 is necessary for neural differentiation and that the function of histone demethylase is required for this process.
We also used ES cell lines stably overexpressing wildtype and the catalytically inactive H281A mutant of KIAA1718 to examine its role in neural differentiation. Western blot analysis demonstrated that both the wildtype human gene and the inactive mutant had a similar level of overexpression ( Figure 4A ). Overexpression of wild-type KIAA1718, but not the catalytically inactive mutant, accelerated neural differentiation, as demonstrated by the appearance of more Nestin-positive NPCs in the wild-type KIAA1718 group than in the control and H281A mutant groups ( Figure 4B and 4C). KIAA1718 overexpression did not affect the expression of Oct4 in ESCs, indicating that the cells maintained their undifferentiated state ( Figure 4D and 4E ). In addition, the levels of mesoderm markers (Brachyury, Flk1) and endoderm Immunoblotting of total KIAA1718 protein levels from ESCs with control or KIAA1718 shRNA1, or shRNA1 knockdown of ESCs expressing human wild-type KIAA1718 (hKIAA1718) or catalytically inactive H281A mutant (mut hKIAA1718). The vectors carry RFP that was used for cell sorting. (B and C) Immunofluorescent staining and quantification of Nestin-positive cells after 8 days of neural differentiation from ESCs with control, KIAA1718 shRNA1, KIAA1718 shRNA1 knockdown expressing human wild-type KIAA1718 (hKIAA1718), or catalytically inactive H281A mutant (mut hKI-AA1718). **P < 0.01, ***P < 0.005. Scale bar = 20 μm. 
KIAA1718 regulates FGF4 expression
Neural differentiation is believed to be mediated by a default mechanism. However, multiple signaling pathways, such as FGF and BMP signals, are involved in neural induction at the gastrulation stage [38, 39] . While FGF signaling is required for neural fate determination [40] [41] [42] [43] , BMP pathway blocks this process [41, 44, 45] . ure 5B). Chromatin immunoprecipitation coupled with sequencing (ChIP-Seq) experiments using ESCs demonstrated that KIAA1718 was enriched at the promoter region of the FGF4 gene and the most enriched region (region 5) was located at the transcription start site ( Figure  5C ), which was confirmed by ChIP analysis. Consistent with its role as a histone demethylase for H3K9me2 and H3K27me2, both methylation marks were greatly enriched in the KIAA1718-bound regions in KIAA1718 knockdown ESCs ( Figure 5E and 5F). The increased occupancy of both marks was diminished when human wild-type KIAA1718, but not the catalytically inactive H281A mutant, was re-introduced into the cells ( Figure  5E and 5F). These results suggest that KIAA1718 has dual-specific histone demethylase activity in vivo and directly regulates FGF4 expression.
FGF4 mediates the pro-neural effect of KIAA1718
To determine whether KIAA1718 regulates neural differentiation through FGF4, we induced neural differentiation of the KIAA1718 knockdown ESCs in the presence of FGF4. While knockdown of KIAA1718 impaired ESC neural differentiation, addition of FGF4 rescued the defects of neural differentiation in a dosedependent manner ( Figure 6A and 6B) . Consistently, knockdown of KIAA1718 reduced ERK1/2 phosphorylation during ESC neural differentiation, but the reduction was reversed by addition of FGF4 ( Figure 6C ). Since the ERK1/2 signaling pathway induced by FGF4 is critical for ESC neural differentiation [40, 42] , these results indicate that KIAA1718 regulates neural differentiation through FGF4-ERK1/2 signaling.
Discussion
Although both H3K9me2 and H3K27me2 are important epigenetic marks associated with transcription repression and both lysine residues are flanked by identical amino acids (ARK 9/27 S), the existence of a single demethylase capable of reversing these two marks was still an open question. Using bioinformatical and biochemical approaches, we identified KIAA1718 as a histone demethylase specific for these two well-conserved epigenetic marks. KIAA1718 belongs to a family of the JmjC domain-containing proteins whose biochemical function had not been elucidated. This group of proteins consists of PHF2, PHF8, and KIAA1718, and they share the common feature of a PHD domain and a JmjC domain. According to the proposed nomenclature for chromatinmodifying enzymes [46] , KIAA1718 should be named as lysine demethylase 7A (KDM7A).
In contrast to other histone demethylases identified so far, overexpression or knockdown of KIAA1718 did not affect the global levels of H3K9me2 and H3K27me2 in several cell lines (data not shown). These data suggest that KIAA1718 probably exerts its demethylase activity in a gene-specific manner in vivo. Gene-specific regulation has been suggested for histone methyltransferases. For example, ESET was shown to be a methyltransferase for H3K9me2 and H3K9me3 formation; however, knockout of ESET in mice did not alter the global levels of these two marks [13] . Indeed, KIAA1718 regulates FGF4 expression by controlling the level of H3K9me2 and H3K27me2 (Figure 5E and 5F).
KIAA1718 was called JHDM1D in the NCBI website because it has 45% sequence identity and 66% sequence similarity to JHDM1A and JHDM1B in the JmjC domain. Structural and biochemical studies indicate that the JmjC domain is the catalytic center for histone demethylase activity and determines the substrate specificity [47] [48] [49] [50] . Our experiments demonstrate that KIAA1718 specifically demethylates H3K9me2 and, with a weaker activity, H3K27me2. These results suggest that the substrate specificity of a histone demethylase may not be solely determined by the JmjC domain. The inability to predict the substrate specificity for a JmjC domaincontaining histone demethylase has been also observed for members in other families of the JmjC domain-containing proteins. For example, JHDM1B is a close homolog of JHDM1A. Both proteins share a similar overall domain structure and contain a JmjC, a PHD, a CXXC zinc-finger, and F-box domains. The sequences of their JmjC domains are 80% identical with the same residues required for cofactor binding. Yet, JHDM1A was shown to be a dimethyl H3K36 demethylase [21] , while JHD-M1B was demonstrated to be a demethylase for dimethyl H3K36 and also trimethyl H3K4 [51, 52] . More dramatically, protein sequences of the JmjC domains between UTX and UTY are 98% identical; however, while UTX can remove H3K27 methylation, UTY has no histone demethylase activity at all [28] . Therefore, it is difficult to predict the substrate specificity of a histone demethylase based on the JmjC domain and if a JmjC domaincontaining protein has histone demethylase activity.
Including KIAA1718, at least eighteen histone demethylases have been identified and they can catalyze the removal of methylation from four lysine residues (H3K4, H3K9, H3K27, and H3K36) and two arginine residues (H3R2 and H4R3) [53, 54] . Similar to histone methyltransferases, demethylation of each residue may be regulated by several enzymes. For example, at least six histone demethylases have been identified as H3K4 demethylases (LSD1, JARID1A, JARID1B, JARID1C, JARID1D, and JHDM1B). Although functional redundancy may exist, knockout and knockdown experiments demonstrate that each enzyme performs distinctive cellular functions [26, 29, 31, 33, 55, 56] . The specific cellular function may be regulated by the spatial and temporal expression of the enzyme, the localization in specific chromosomal regions, or the binding to specific regulatory elements of a gene. It can also be regulated by other proteins in a context-dependent manner.
How KIAA1718 is recruited to the promoter region of FGF4 gene remains to be determined. It is possible that KIAA1718 is recruited by a protein complex that contains DNA-or histone-binding activities. Since KIAA1718 has a PHD domain, which binds methylated H3K4 and H3K9 [31, 57, 58] , it is also possible that KIAA1718 is recruited by pre-existing epigenetic marks.
Since H3K9me2 and H3K27me2 are important epigenetic marks associated with transcription repression, a histone demethylase for these two marks may have many biological functions. Future studies using transgenic and knockout mouse models will reveal other biological functions of KIAA1718. 
Materials and Methods
Reagents
Cloning procedures
pFlag-KIAA1718-IRES2-EGFP was constructed by ligating the fragments of 1-160 bp by synthesis and 160-2 826 bp by RT-PCR into pIRES2-EGFP and sequenced. The H281A mutant was generated by QuickChange (Stratagene) according to the manufacturers instructions. The full-length wild-type KIAA1718 cDNA and H281A mutant were digested from pFlag-KIAA1718-IRES2-EGFP by NheI and XhoI, and ligated to XbaI and XhoI-digested pFastBacT1 (Invitrogen) vector to engineer insect expression vector pFastBacT1-his-KIAA1718 that contains a C-terminal 6× His for affinity purification. They were also subcloned into lentiviral vectors pFUGW-IRES-EGFP and pCSII-IRES-DsRed2 for overexpression and rescue experiments, respectively. 
Demethylation assay
Bulk histones were incubated with the purified his-KIAA1718 in demethylation buffer (20 mM Tris-HCl (pH7.3), 150 mM NaCl, 50 μM (NH 4 ) 2 Fe(SO 4 ) 2 + 6(H 2 O), 1 mM α-ketoglutarate, and 2 mM ascorbic acid) for 3 h at 37 ºC. A total of 5-10 μg of the protein and 2.5-5 μg of bulk histones were reacted in a total volume of 100 μl of reaction mixture. The reaction was stopped with SDS loading buffer and western blot analysis was performed.
Chromatin immunoprecipitation
Crosslinking was performed in 1% formaldehyde and sonication was carried out at 85 Hz for 10 s and paused for 30 s up to 75 cycles (Sonics Vibra Cell) to shear DNA to an average fragment size of 200-400 bp. Sonication buffer or FA lysis buffer was used for Flag or H3K9me2 IP, respectively. After de-crosslinking and protein digestion, DNA was precipitated and quantitative PCR was performed.
Cell culture and neural differentiation
The mouse ES cell line R1 was grown on a layer of mouse embryonic fibroblasts and in culture medium (DMEM supplemented with 15% fetal calf serum, 1 000 U/ml leukemia inhibitory factor, L-glutamine, and non-essential amino acids). The ES cell neural differentiation was performed as previously described [45, 59] .
RNAi and rescue procedures
For RNA interference (RNAi) experiments, lentiviral vector pLentiLox 3.7 expressing shRNA was used for lentivirial packaging and lentiviral transduction of ESCs. The shRNA constructs (pLentiLox 3.7-shRNAs) targeting firefly luciferase (control) and three different KIAA1718 sequences were shown below:
Control shRNA, 5′-CTT GTG AAG CTT CTA GGA G-3′; KIAA1718 shRNA1, 5′-GAG CAT CAT GCT GTG GAC A-3′; KIAA1718 shRNA2, 5′-GTG CTA AAT GTG ATC AGC C-3′; and KIAA1718 shRNA3, 5′-TGA AGA AGA GGA GGA ACT G-3′.
After 48-h lentiviral transfection, GFP-positive ES cells were sorted using FACS Aria cell sorter (BD Biosciences). For rescue experiments, human wild-type KIAA1718 and H281A mutants were constructed into lentiviral vector pCSII-IRES-DsRed2 for lentiviral packaging, and were used for co-transfection with the RNAi lentivirus into the ES cells. After 48-h transfection, GFP and RFP double-positive ES cells were sorted for analyses.
Gene overexpression in ES cells and time-course analysis
Human wild-type KIAA1718 and H281A mutant were constructed into lentiviral vector pFUGW-IRES-EGFP for overexpression in ES cells. After standard lentiviral packaging and lentiviral transduction of ES cells, the neural differentiation was performed. The embryonic bodies from three experimental groups, including the control, hKIAA1718, mut hKIAA1718, were fixed on every 2 days and subjected to immunostaining.
Immunocytochemistry
Embryoid bodies derived from ES cells were fixed in 4% (wt/ vol) formaldehyde for 2 h at 4 ºC and subjected to frozen section. The cell sections were permeabilized in 0.2% Triton X-100 PBS buffer and incubated with the indicated primary and secondary antibodies (see Regents section). Fluorescence detection and imaging
Gapdh-F 5′-TGACCACAGTCCATGCCATC-3′
Gapdh-R 5′-GACGGACACATTGGGGGTAG-3′ were carried out on Leica SP5 confocal microscope.
Microarray and RT-PCR analysis
Total RNA from ES cells was isolated using RNeasy Total RNA Isolation Kit from QIAGEN. GeneChip expression analysis was performed according to the Affymetrix standard instruction. Mouse Genome 430 2.0 microarrays were used for gene expression screening in this study. Primer sequences for RT-PCR and Q-PCR used in this study are showed in Table 1 .
